1. Introduction {#sec1}
===============

The Coronavirus Disease (COVID-19) pandemic has wreaked havoc in the life of global citizens. It has led to standing still of the economy ([@bib23]) and social being, and has aggravated life, health, and livelihood vulnerabilities. The SARS-CoV-2 virus has its origin in one of the prominent urban centers of China -- Wuhan ([@bib46]) from where it has spread across the globe, penetrating indiscriminately through the cities of global north and south. In a recently published response plan for COVID-19, UN-Habitat has underlined the urban-centric character of the infectious disease ([@bib78]). It says, more than 1430 cities are affected by the pandemic in 210 countries and well above 95% of the total cases are located in urban areas. In its response to the exclusively urban character of the pandemic, UN-Habitat has embarked upon charting city-level action plan for the diminution of the disease. It comes in the pertinent moment when WHO has emphasized that the pandemic\'s first transmission happened in the megacities that are connected internationally ([@bib81]).

The cities across both the north-south divide have felt the disease-induced brunt uniformly. For instance, a global city ([@bib67]) like New York has crossed 3.5 Million positive cases and has recorded more than 30,000 deaths as of 10^th^ June 2020 ([@bib75]). On the other hand, the large metropolis of South Asia, Mumbai, has 51,100 positive cases with 1760 deaths as of 10^th^ June 2020 and has exceeded that of pandemic\'s epicenter -- Wuhan ([@bib28]). In cities, those sectors having more dilapidated living and deprived conditions, are most susceptible to transmission. On the other hand, hill cities in the Himalayas are experiencing vulnerability due to the dearth of level land on which social distancing can be fruitfully maintained ([@bib27]). The sloping land where homes are clumsily and proximately lined restricts such an exercise. Asia\'s largest slum Dharavi, in Mumbai, is reeling with a large number of positive cases but recently has shown some sign of control ([@bib28]). The overall condition in India is such that out of 5000-odd cities, only 30 cities have registered 79% of the total cases ([@bib57]). Besides, in a much recent report by Indian Council of Medical Research, the apex medical body in India, the risk is 1.09 times higher in urban areas and 1.89 times higher in urban slum-like conditions vis-a-vis the rural areas ([@bib73]).

Even though there is urban universality of the disease, the cities of the global south are more susceptible to it as for their population densities, low income and meager savings, risky occupations, and lack of affordable health services ([@bib43]). In the global south, as UN-Habitat says, the Asia-Pacific region could be the most susceptible region owing to its fast urbanization rate and a large concentration of urban poverty with one-third of urban dwellers in slums or slum-like conditions ([@bib78]). In such circumstances, UN-Habitat\'s one of the major action areas in response to the pandemic is the provision of 'urban data evidence-based, mapping and knowledge for informed decision making' ([@bib78]). This article coheres around UN-Habitat\'s concern with Asia-Pacific and its major plan to generate evidence-based knowledge. Besides, the piece also expands the perspective window by generating COVID-19 related evidence for a more granular scale -- at the sub-city level.

The global pandemic\'s most certain prevention is 'Social Distancing' that restricts the transmission from one person to the other ([@bib23]; [@bib80]). To make social distancing more effective, the governments all over the world have resorted to a lockdown ([@bib48]), wherein the physical mobility is curtailed and routine businesses are regularized. India had experienced a countrywide complete lockdown for 68 days from 25 March 2020 to 31 May 2020. The city neighbourhoods that are deprived of civic, hygienic, and sanitation services are seemingly more susceptible to the transmission and consequently the more vulnerable. Besides, the fast pace of urbanization in India has led to housing shortfalls and severe stress due to the paucity of water, electricity, and open space ([@bib40]).

In this article, we empirically show how the mandatory pandemic precautions -- social distancing and lockdown-are thwarted when the most deprived households in the four metro cities have to cram in the residence with neither prescribed inter-mutual distance nor any chance of isolation, and the urgency to move out of the premises for meeting the water need and attend to nature\'s call. These vulnerable factors aggravate more if the conditions of untreated water ([@bib44]; [@bib78]) and population density ([@bib56]; [@bib62]) are favorable for the transmission.

Thus, the article contributes in two ways -- firstly, by extending the vulnerability question of cities induced by UN-habitat into domains that directly jeopardize our efforts (i.e., social distancing and lockdown) to restrain the global pandemic. And, secondly, it does the exercise at a more granular level to generate a more reliable 'evidence-based knowledge' that the UN-Habitat seeks in its endeavor to curb COVID-19.

2. COVID-19 and urban geographies {#sec2}
=================================

The researchers and scholars reiterate UN-Habitat\'s observation of the urban character of the global pandemic. For instance, an article published in *The Economist* that talks of COVID-19 in the cities of the global north such as London, New York, and Milan is optimistic about the pandemic\'s post-situation ([@bib74]). It posits, with references, that cities experienced with handling historical events of plague, cholera, and tuberculosis have their urban architecture patterned in sync with them. Therefore, a pandemic can do little harm in such situations.

In one of the other pieces that talks across both the global north and the global south, the author invests in channelizing our thought to the post-pandemic scenario and implications it holds in designing our cities ([@bib13]). She insists that the 'pandemic-resilient cities of tomorrow' must refrain from overcrowding, as the population density is one of the main reasons for disease transmission in cities stretching from New York to Wuhan. These post-pandemic cities need to be self-sufficient as they grow with the pandemic.

Now, moving exclusively to the cities of the global south, as the moment of 'surplus humanity' found in its all-pervasive slum ([@bib17]), the pandemic has more lethal consequences. COVID-19 'poses particular risks for the one billion people living in informal urban settlements in the global South' as it escalates due to the presence of high-density residences and the absence of minimal civic services ([@bib43]). The packed and crammed residences are supplemented by decreasing piped water to the premises, especially in Sub-Saharan Africa. Besides, with the poor income levels and zero saving the urban poor is keen on doing outdoor work keeping isolation and social distancing at bay. In their study of Bangalore slums in India, [@bib80] underline the impossibility of slums to maintain social distancing at any cost. They observe that slums are more at risk because of the population density and regular wage-earning nature of the dwellers. The population density and the need to move out for the sake of livelihood and sustenance compromise the sole important precaution -- Social Distancing - in pandemic times.

When, the average population density of India is 384 persons per square kilometer, Asia\'s largest slum Dharavi reels under the pressure of 3,35,907 persons per square kilometer ([@bib45]). Such is the potentiality of the slum to transmit disease that it soon became a piece of news when the first case was reported ([@bib84]). Slums that are all-pervasive in South-Asia may meet the same fate sooner or later. In foresight, [@bib14] have suggested policies and a prescription for not only tackling the ensuing pandemic but also for the post-endemic circumstances.

However, a slum, especially in the south Asian context, need not only be determined by the statute but must be demarcated based on deprivation indicators ([@bib51]), which includes large scale devastating situation that uncontrolled population growth in urban areas could bring ([@bib83]). Thus, in this article, we move beyond the limitation formal slums put on grasping and generating evidence-based knowledge by adopting a deprivation based empirical investigation. The deprivation indicators are directly linked to the pandemic\'s principal precautionary measures of social distancing and lockdown.

3. Research objectives {#sec3}
======================

The article realizes two objectives ([Fig. 1](#fig1){ref-type="fig"} ). Firstly, in harmony with the UN-Habitat\'s concern with the urban nature of the pandemic and implication it holds for the already deprived people, we have devised a set of deprivation variables that tends to make the population vulnerable to COVID-19 transmission. The indispensable measures like social distancing and lockdown are defeated with crammed indoor living in a densely populated area along with the urgency of moving outside the house premises for basic human needs like drinking water and latrine facility. Thus, we emphatically investigate the variables that not only mark the limit of deprivation but also couple as the most susceptible to COVID-19 transmission. We have devised a *Covid Vulnerability Index* for four major metro cities of India --Mumbai, Delhi, Kolkata, and Chennai (Fig. A1). At the time of writing the piece, these four cities account for nearly 50% of the country\'s covid cases ([@bib58]). In one recent study ([@bib49]), the author has assessed 'the effectiveness and implications of social distancing, frequent handwashing, and lockdown in the context of slums in Indian cities'. The study merges with our first objective and we supplement it with inclusion of variables at the city sub-unit level.Fig. 1COVID-19 mandatory precautions and its link to the variables under study.Fig. 1

Secondly, in tandem with the UN-Habitat\'s call for an evidence-based knowledge, we have embarked on generating an empirical investigation of COVID-19 related indicators for the four metro cities of India. In that vein, we have supplemented it by investigating at a more granular scale for the city. By granularity, we identify with those spatial units that are found at sub-city scale. Thus, using the latest Census data, we have identified variables and procured data at the municipal ward, section, and *tehsil* [1](#fn1){ref-type="fn"} level for all the four cities. Therefore, the results give a more detailed and robust picture of the vulnerability situation wherein the UN-habitat\'s mission for city-based knowledge becomes finer and more decision-enabled.

4. Database and methodology {#sec4}
===========================

4.1. Data preparation {#sec4.1}
---------------------

Different variables related to COVID-19 precaution is considered for this study under the broad categories of social distancing, lockdown, and direct health ([Table 1](#tbl1){ref-type="table"} ). Ward wise data for Kolkata Municipal Corporation (KMC), Chennai Municipal Corporation (CMC), section-wise data for Mumbai City (MMC), and tehsil level data for National Capital Territory of Delhi (NCT) is collected from the Population Enumeration\'s Primary Census Abstract 2011, Census of India (CoI), and House listing and Housing Census\'s Primary Census Abstract, 2011 Census of India (CoI) ([Fig. 2](#fig2){ref-type="fig"} ). Under the *social distancing* category, three variables are selected. The first one is *population density*, which is an important consideration in infectious diseases ([@bib2]; [@bib3]; [@bib34]). In COVID-19 a preliminary investigation has found that population density can have a large impact on transmission through contact rates ([@bib62]). We have not taken the more sophisticated measures of population density for keeping the device simple, applicable in multiple contexts, and the dearth of such data for all the cities. The second variable, *dilapidated residence*, has material, physical and mental health ([@bib10]) dimensions. In dilapidated conditions, there are more chances that inter-mutual distance is compromised as the house condition inhibits spreading to secluded corners. Secondly, dilapidated conditions are also known to aggravate the respiratory ailments like asthma ([@bib22]) and given its direct link to COVID-19 susceptibility ([@bib1]; [@bib35]), this variable seem to be of direct concern. We have kept it as a social distancing variable as for the absence of secluded corners and compulsion of people with respiration problem to move out for the cleaner air. *Non-availability of exclusive rooms* even in a non-dilapidated house inhibits not only social distancing but also hinders the prescribed isolation of symptomatic patients. *Lockdown* category includes the location of *drinking water facility outside the premises* thus jeopardizing the lockdown with high chances of transmission as people need to move out. Similarly, for *latrine outside the premises* not only there is an undermining of lockdown but in places where community toilets are attended the social distancing goes awry. On the other hand, *untreated source of drinking water* is measured as the most important variable after population density as water being a potential carrier of the virus can transmit more if it is untreated ([@bib44]). As a matter of fact, WHO in one of its interim guidance has clarified that water disinfection is needed for the reduction of the coronavirus ([@bib82]). It is treated as the direct health variable with significant health implications ([Table 1](#tbl1){ref-type="table"}).Table 1Variables considered for the Covid Vulnerability Index.Table 1COVID-19 PrecautionVariableDescriptionSocial DistancingPopulation Densitypersons per square kilometerDilapidated residential house conditionpercentage of total households in a city sub-unit whose house condition is decrepitNo exclusive roompercentage of total households in a city sub-unit who do not have an exclusive room for living in their houseLockdownMain source of drinking water -- away from the premisespercentage of total households in a city sub-unit who need to go at least 100 m from their house to fetch drinking waterNumber of households not having latrine facility within the premisespercentage of total households in a city sub-unit who need to go outside their house for availing latrine facilityDirect Health VariableDrinking water from un-treated sourcepercentage of total households in a city sub-unit who get water from an untreated sourceFig. 2The city sub-unit wise distribution of variable values.Fig. 2

4.2. The Covid Vulnerability Index {#sec4.2}
----------------------------------

The study proposes a *Covid Vulnerability Index* by aggregating the weighted scores of each of the above-said variables for each of the sub-units of the four metro cities. To derive the weights of each of the variables we have employed Analytic Hierarchy Process (AHP). It is an extensively used Multi Criteria Decision Making (MCDM) technique in different disciplines owing to its feasibility in calculation that helps in decision making by a host of government and non-government agencies ([@bib20]; [@bib47]). It is because of this computational convenience and pervasive understanding that we chose the method over modified AHP ([@bib38], [@bib39]) and other MCDM techniques like PCA ([@bib21]) or the more robust and spatial variant of it -- Geographically Weighted Principal Component Analysis (GWPCA) ([@bib8]; [@bib16]; [@bib42]). Other techniques like *Slum Severity Index* ([@bib51], [@bib50], [@bib52]) that is being recently developed and applied in multiple contexts along with deviating from only slum based indices, is also a simpler option for computation and drawing inferences.

However, AHP has certain advantages like it helps integrate the 'domain-related knowledge' into the model ([@bib25]) and as a corollary to that, it helps take cognizance of the contextuality of the space under investigation ([@bib20]). It is because of its 'simplicity, ease of use, and great flexibility \[that\] the AHP has been studied extensively' ([@bib25]) and motivated us to induct it in our study. Besides, it is widely used in social science and health research. For instance, AHP is used for effective policy intervention in Ghana ([@bib5]) and for gauging ZIKA risk assessment in China ([@bib37]) or dengue risk assessment in tropical Malaysia ([@bib19]).

Analytic Hierarchy Process was developed in the 1970s by Thomas L. [@bib63], which has developed as a powerful multi-criteria decision method over the years. It is modified and made more robust with improvements in recent times ([@bib39], [@bib39]; [@bib65]). In this method, the decision analysis is decomposed into different levels like a hierarchy. At the first level is the *Goal* or the *Object Layer* which ascertains locating the vulnerable city sub-units that are susceptible to COVID-19 transmission now and also in the pandemic cities of the future. The second level, *Criteria*, is divided into *Index Layer* and *Sub-Index Layer*. The Index Layer is the variables under consideration and Sub-Index Layer is the factor class i.e., classification of variable values. The third level is the *Alternative Layer* that gives different options available for making decisions.

The AHP is conducted in four steps. First, the hierarchical structure is ascertained with definite goals and criteria. The second step is to create a Pairwise Comparison Matrix (Equation [(1)](#fd1){ref-type="disp-formula"}) for the assessment of vulnerability factors and their relative importance which is then normalised. Generally, it is used for ranking the attributes to select the optimal one based on the hierarchical structure with numbers ranging from 1 to 9 and their reciprocal. If variable population density (*pd*) is more important than variable dilapidated residence (*dil*) for covid vulnerability, the degree of importance of variable "population density" to "dilapidated residence" is assigned 9. Also, the degree of importance of factor "dilapidated residence" to "population density" is assigned reciprocal value 1/9. It is in this step that we derive *weights* of each of the variables (Wahp) and their factor classes (Wfc) ([Table 2](#tbl2){ref-type="table"} ).$$\text{Pairwise~Comparison~Matrix} = \begin{bmatrix}
 & {pd} & {dil} & {ldp} & {dwn} & {ner} & {dr} \\
{pd} & 1 & 2 & 2 & 3 & 4 & 5 \\
{dil} & 0.5 & 1 & 1 & 3 & 4 & 5 \\
{ldp} & 0.5 & 1 & 1 & 3 & 4 & 5 \\
{dwn} & 0.33 & 0.33 & 0.33 & 1 & 2 & 3 \\
{ner} & 0.25 & 0.25 & 0.25 & 0.5 & 1 & 3 \\
{dr} & 0.20 & 0.20 & 0.20 & 0.33 & 0.33 & 1 \\
\end{bmatrix}$$Where, *pd* stands for population density, *dil* for dilapidated housing, *ldp* for latrine outside premises, *dwn* for drinking water from an untreated source, *ner* for non-availability of exclusive rooms, and *dr* for drinking water outside premises.Table 2Weights of assessment factors calibrated from AHP.Table 2Index layerSub-index layerConsistency Ratio (CR)IndexWeights (Wahp)Factor classWeights (Wfc)Population density *(pd)***0.329**\<10,0000.071**0.039**10,000--30,0000.15230,000--70,0000.313\>70,0000.463Drinking water outside premises *(dr)***0.229**\<100.068**0.011**10--200.16720--300.280\>300.485Latrine outside premises *(lpd)***0.229**\<100.060**0.054**10--200.12820--400.274\>400.538Drinking water from untreated source *(dwn)***0.102**\>30.078**0.018**3--70.1257--120.306\>120.492Non-availability of exclusive rooms *(ner)***0.071**\>3.00.062**0.030**3.0--9.50.1149.5--15.50.271\>15.50.553Dilapidated housing *(dil)***0.041**\>4.50.067**0.038**4.5--8.50.1498.5--10.50.325\>10.50.460

The third step is to check the consistency of the calculation by calculating the Consistency Ratio (CR). Its value varies between 0 and 1. A CR value below 0.1 reveals the consistency of the matrix or elimination of type II error ([@bib63]; [@bib65]). In our study, the CR value of the matrix is 0.032 (less than 0.1), representing that the priority matrix is consistent. The relative importance of variables, CR, and pairwise comparison matrix calculation methods are elaborated in the literature ([@bib39]; [@bib64]).

The weights that we derived in the second step helps generate the Covid Vulnerability Index. It is the product of weights i.e., the variable weight and the factor class weight ([Table 2](#tbl2){ref-type="table"}) computed for each of the city sub-units (Equation [(2)](#fd2){ref-type="disp-formula"}).$$CV_{index} = \left( {\ Wahp_{pd}\  \times Wfc} \right) + \left( {\ Wahp_{dr}\  \times Wfc} \right) + \left( {Wahp_{ldp}\  \times Wfc} \right) + \left( {Wahp_{dwn}\  \times Wfc} \right) + \left( {Wahp_{ner}\  \times Wfc} \right) + \left( {Wahp_{dil}\  \times Wfc} \right)$$where *CV* ~*index*~ is the Covid Vulnerability Index, *Wahp* is the weight of each COVID-19 induced vulnerability conditioning factor and *Wfc* is the weight of each of the factor class for each of the variables. Finally, based on the Index computation a COVID-19 induced vulnerability index map is generated for the four metro cities in India. The vulnerability index values are categorised into 4 classes by applying Jenks natural breaks classification ([@bib68]). These are very high, high, moderate, and low vulnerability zones ([Fig. 3](#fig3){ref-type="fig"} ).Fig. 3The Covid Vulnerability Index.Fig. 3

4.3. Validation {#sec4.3}
---------------

Receiver Operating Characteristics (ROC) curve is used for the verification and validation of the model ([@bib53]; [@bib54]). It juxtaposes the validation dataset with the model output ([@bib24]). In our study, the number of containment zones in each of the city sub-units is considered as the validation dataset. The ROC curve and the area under the curve (AUC) are categorised into five classes. The classes are poor (0.5--0.6), moderate (0.6--0.7), good (0.7--0.8), very good (0.8--0.9), and excellent (0.9--1.00) ([@bib54]).

In our study, we have used the validation dataset for Kolkata because for the validation purpose it is mandatory to have both the datasets at a uniform scale. In all the other cities the number of containment zones is not provided at the scale of our study. The condition arises because of the existing gap in the conception of the administrative city between the Urban Local Bodies and the Census of India. Besides, since the model seeks to arrive at a vulnerable quotient for each of the city sub-units, a sample validation will serve the purpose.

5. Result and discussion {#sec5}
========================

The discussion section is done individually for each of the metro cities, wherein we proceed with discussing the model output followed by a brief discussion on the facets from literature and observations. The last sub-section talks of model validation for which, as said earlier, we have chosen Kolkata as the sample.

5.1. Mumbai {#sec5.1}
-----------

The city with its intermittent spikes in COVID positive cases has earned the title of 'India\'s Covid-19 hotspot' ([@bib70]) and has experienced the transmission faster than the national average. As the map shows ([Fig. 3](#fig3){ref-type="fig"}a) the very high vulnerable zones are located in the northern and the central part of the city. sections 32 (Sion) and 33 (Dadar) are the oldest parts of the city where more than 50% of the households have to go outside for latrine facility and a bit less than 20% in case of Dadar and a little less than 30% in case of Sion have to go out for getting drinking water. Section 33 is also home to Asia\'s largest slum Dharavi. It has recorded 1984 positive cases with 75 deaths as of 11 June 2020 ([@bib11]) in an area of only 2 sq. km with more than 7 lakh people crammed ([@bib71]). Similarly, the central section of the city with a relatively smaller area has moderate to very high vulnerability. Sections 10 to 18 (with exception of 13) have high population densities ranging between 60,000 and 1,31,342 persons per sq. km. Besides, in section 12 the percentage of households who have no exclusive room is 19%. In section [1](#sec1){ref-type="sec"} those who need to go outside their premises for water or latrine are abysmally high at 48.7% and 56.6%, respectively. Whereas, those who need to drink untreated water is the highest in section 26 (6.4%). Among these dismal pictures, sections like 5 (Esplanade), 19 (Chaupaty), 20 (Walkeshwar), and 31 (Matunga), are enclaves of low vulnerability. In all these sections the population density figures are remarkably low vis-à-vis other sections -- 8496, 25731, 25399 and 21733 persons per sq. km, respectively. In addition, these sections have strikingly low marks in other variables. For instance, only 2.1% of the households in section 9 and 2.2% of the households in section 31 need to go out for fetching water. And, the highest among these wards for latrine outside premises is section 20 (16.5%), which is much less than the city average (33%).

With around 50% of persons living in slum conditions in Mumbai ([@bib7]) with very low freshness quotient ([@bib6]) the city is certain of defying the mandatory precautions until and unless rarely stringent actions are taken through governance. Areas like Dharavi slum and Khara Talao which are historically subaltern and consequently downtrodden ([@bib36], pp. 1890--1920) are more vulnerable because of the global pandemic that requires physical distance and zero cohesiveness. As understood from prior studies, Mumbai\'s main concern is with regard to the water supply that is astutely dealt with through rainwater harvesting by the middle class but cannot be emulated by the poor for the dearth of space ([@bib9]). The municipality has embarked on supplying water through self-organised groups; nevertheless, the piped water supply to the house premises is a distant dream for the people. Therefore, Mumbai has one of the highest waiting times and carrying distance of water to the household premises in India ([@bib26]). Secondly, the city with very dense informal settlements ought to have inevitable toilet shortages. Community-based approaches like Slum Sanitation Program ([@bib41]) and community-led initiatives by Indian Alliance ([@bib77]) have borne fruit but the endeavour is short of achieving universal access. As a consequence, many of the residents openly defecate in Mumbai ([@bib18]). The COVID-19 induced mandatory precaution gets defeated as and when a person goes out for latrine facility or getting water; and, community toilets are transmission hotspots as the inter-mutual distancing is reduced to zero.

5.2. Delhi {#sec5.2}
----------

At the time of writing this article, the National Capital Territory of Delhi is the only city with complete containment with all the districts of the city-state declared a red zone[2](#fn2){ref-type="fn"} ([@bib55]). The Covid vulnerability pattern shows clustering of similar zones -- high vulnerability in contiguity with high or very high vulnerability ([Fig. 3](#fig3){ref-type="fig"}b). And, low vulnerable zones follow a linear pattern from the west to the east. Tehsils 430 (Narela), 436 (Seelam Pur), 443 (Chanakya Puri), and 456 (Kalkaji) are high vulnerable zones. Even though the population density is quite low in tehsils 430 (3059 persons per sq. km), 443 (12138 persons per sq. km) and 456 (12980 persons per sq. km), the other covid variables have shot up the vulnerability quotient of these city sub-units. For instance, in tehsil 430 more than 25% of the households need to go outside the premises for latrine facilities and more than 36% of them need to go outside for fetching drinking water. Similarly, in tehsil 443 the percentage is 31% and 30%, respectively. In tehsil 456, the percentage of those who need to move out for drinking water is 30.7%, around 12% of the total households drink untreated water and more than 23% of them go outside the premises for latrine facilities. However, in tehsil 436 the population density (180479 persons per sq. km) is the highest in the city, which couples with more than 28% of households moving outside for fetching drinking water to make the picture more appalling. On the other hand, low vulnerable zones are restricted to tehsils 435 (Kotwali), 441 (Preet Vihar), 444 (Parliament Street), 447 (Karol Bagh), 448 (Patel Nagar), 451 (Najafgarh), and 455 (Defence Colony). Tehsil 435 have very low figures in lockdown variables -- 6.4% and 7.1% of households move outside their premises for fetching drinking water and latrine facility, respectively. In tehsil 441 all the variables have considerably low values reflecting a least depriving condition (covid variables) and consequently low vulnerability.

From earlier studies, we can find general picture of the city where the civic administration must work. For example, in one study of East Delhi, it was found that the area\'s per capita open space is remarkably less than the prescribed level by the UN and WHO ([@bib69]), in which tehsils 439 (high covid vulnerable) and 440 (moderate covid vulnerable) falls. Open defecation is a major concern in the capital. Despite being declared Open Defecation Free in 2017, most of the areas of the city have usual sight of such deeds ([@bib59]). As a matter of fact, in a study of 476 cities concerning open defecation and solid waste management, Delhi\'s rank is devastatingly 398. Even though the city has ubiquity in public toilets, most of them are either too unclean to attend or the lack of water makes their utilisation impossible ([@bib79]). On the front of drinking water, Delhi does not fare well. Delhi has a huge disparity in planned provisioning of water ([@bib15]) and nearly 20% of the total population has no access to drinking water ([@bib66]).

Delhi was very prompt in dealing with the pandemic. The administration closed the schools, colleges, universities, and places of entertainment on 12 March 2020 until 31 March 2020 ([@bib33]). Nevertheless, at the time of writing this piece, the national capital was totally under the control of the disease and the federal government had declared the whole city a Red Zone -- the zone of full containment ([@bib55]).

5.3. Kolkata {#sec5.3}
------------

The Covid Vulnerability Index gives a picture wherein the Central Business District (Wards 45, 46 and 63), the port area (wards 75 and 80), and the eastern fringe (wards 58, 108 and 109) show very high vulnerability ([Fig. 3](#fig3){ref-type="fig"}d). The most dismal picture is presented by ward 80 where 66% of the total households need to go out of their premises for fetching water and more than 38% of them go out for latrine facilities. 7% of the households live in dilapidated housing. Whereas, in ward 75 more than 13% of them have no exclusive rooms and population density is 48573 persons per sq. km. The population density is remarkably low in wards 45, 46 and 63 as they accommodate day population (for being the CBD), nevertheless, 11.4% of the households do not have exclusive room in ward 45 (this data for ward 63 is 11.3%) and more than 30% of the households need to go out for getting water in ward 46. The central and northern wards are relatively smaller than the eastern, western, or southern wards where population density is naturally higher. Nevertheless, they also show a variegated picture. For instance, in ward number 3 which houses Belgachhia slum - the 'ground zero of the COVID battle' ([@bib60]) -- is just moderately vulnerable. The reason is the ward has only a section of it as the slum, the major section is full of greenery and middle and upper middle-class residences in a relatively open space. The moderately vulnerable wards are seen as clustering in the south, central, and eastern section. On the other hand, low vulnerable wards are less in the northern part than in the southern parts of the city. Wards from 95 to 99 (Tollygunj, Baghajatin, Golf Green, and Jadavpur area) and 69 to 71 (Ballygunge, Beckbagan, and Bhawanipur area) are the posh neighbourhoods of the city where most of the variables show a very low mark. Out of these wards, 71 has the highest percentage of those who need to move out for latrine (3.6%) and 95 has the highest population density -- 31417 persons per sq. km. Both these highest are much below the city\'s highest -- 38.1% (ward 80) and 168159 persons per sq. km (ward 135), respectively.

From earlier studies we can find that in Port area and Hastings (wards 75, 80 and 134), College Street (ward 39), Rajabazar (wards 37 and 36) and Maniktala (ward 27) the condition is deplorable due to slum concentration, congested tenements, presence of warehouses ([@bib29]; [@bib30]). On the other hand, such a condition persists in Chowringhee (wards 46 and 63) and BBD Bag-Dalhousie (ward 45) area due to the presence of slums, institutional households, and administrative buildings, mostly from the British era ([@bib31]). The city with its definite geographies of deprivation has kept its fringes the most deprived in household, economic, and environmental dimensions ([@bib42]). In fact, despite having less crowded residences vis-à-vis Mumbai, the deprived conditions in non-slum areas are bleaker in Kolkata ([@bib51]). The water-related anomaly ([@bib61]) and housing inequalities ([@bib32]) are also prominent in the city of joy. Such is the condition of water accessibility that Kolkata has the least water supply coverage among the four metro cities ([@bib61]). Things are not good inside the city as well. While the central and the northern parts of the city have pure water provision, the belt areas in the east, west, and south have groundwater as the primary source ([@bib61]).

5.4. Chennai {#sec5.4}
------------

Chennai is one of the most densely populated cities in the southern part of the country. The marked vulnerable areas like Royapuram (ward 18), Thiru-vi-ka Nagar (ward 38), and Tondiarpet (ward 14) in the northern part of the city has already contributed to more than 50% of the total cases in the city ([@bib76]) at the time of writing this section. These three wards have high to very high vulnerability. In general, three main clusters of high vulnerability are observed -- one in the north (wards 8, 10, 13, 31, 36, 40, 41, 42, 45, 48, 55, 56, and 99) ([Fig. 3](#fig3){ref-type="fig"}c). The other two are in the east along the coast (wards 18, 27, 80, 94, 143, 145 and 152) and in the south (132, 133, 139, 140 and 141). Out of these wards, the highest population density (148476 persons per sq. km) is found in ward 10 (Kumarasamy Nagar (South)) and the highest percentage of households who need to go outside their premises for water and latrine is observed in ward 80 (Chindadripet) - 70.7% and 57.2%, respectively. On the other hand, the highest percentage of people who have dilapidated housing (7.6%) is found in ward number 45 (Thattankulam), while the highest percentage of those who drink untreated water (9.5%) is highest in ward 18 (Royapuram). As a matter of fact, the most depriving condition in all these wards is with regard to those who need to move out of their premises for getting drinking water, which ranges starkly between 26.8% and 70.7% as against the city average of 23.7%. The low vulnerable wards are found in the northern fringe wards and in the central part of the city (wards 1, 2, 3, 37, 50, 51, 62, 66, 70, 75, 86, 111, 112, 113, 126). The population density does not reach even 30,000 persons per sq. km in all these wards. On the other hand, among them, the dilapidated residence is highest (0.9%) in ward 11 (Dr.Radhakrishnan Nagar (South)) and the non-availability of the exclusive room is highest in wards 50 (Agaram (North)) and 126 (Rajaji Nagar). However, the requirement to go outside for fetching water is very high in the city as a whole, which also reflects in these wards. For instance, in ward 86 (Zambazaar) where all the variables are considerably low, the percentage of those who go outside their premises for getting water is as high as 18.9%.

One of the studies has observed that the city has more concentration of population along the coast ([@bib4]) and with time the population would become denser there ([@bib72]). As a corollary, we can expect to see an intensification of population density and other factors in this region in times to come. Chennai has a very low percentage of piped water supply but the possession of private wells by the middle class has not raised the demands ([@bib72]). However, the poor residents in the town do not have private wells and they rely on piped water for daily needs ([@bib72]). In such circumstances, deprived areas like Ambedkar Paalam (ward 146) have a defunct supply system ([@bib12]) leading to an obvious flouting of COVID precautions. Secondly, even if the city has good marks on open defecation statistic ([@bib15]), many localities have different stories. For instance, in Udhaya Suriyan Nagar (ward 32) people have built toilets between two houses ([@bib12]) and, in some cases, the dearth of ample water has instigated open defecation ([@bib12]).

5.5. Validation {#sec5.5}
---------------

At the time of writing this section, Kolkata which had open during the first unlock phase was again put into lockdown mode. The containment zones have increased in the last few days and stricter protocols are being imposed rigorously. Thus, with cases increasing and transmitting at a rapid pace, it is inferred that things would deteriorate in times to come. The ROC and AUC value for our model is 0.789 (78.9%) ([Fig. 4](#fig4){ref-type="fig"} ), which is considered as a good fit as it falls within the range of 0.7 and 0.8 ([@bib54]). Given the current condition of confirmed cases and its amplification, the model would fit more accurately with time.Fig. 4The ROC curve for the validation of Covid Vulnerability Index results.Fig. 4

6. Concluding remarks {#sec6}
=====================

The proposed Covid Vulnerability Index looks at city sub-units of four major Indian metro cities that now accounts for half of the total national cases. It highlights the vulnerability based on the degree to which the precautionary measures of social distancing and lockdown are defeated in these zones. It also takes into consideration vulnerability that accrues from untreated water much in resonance with WHO\'s Interim Guidance. The concerning picture is presented by all the four cities where the accreting COVID-19, while writing this piece, could change vulnerability into actuality. It is through stringent adoption of lockdown and social distancing protocols that the community spread of the disease can be mitigated. However, the depriving condition of the households in the demarcated sub-units may prohibit realizing the mandatory precautions at full scale. It is in this regard that the policy framers and planners must engage themselves in chalking alternative plans during the pandemic and materialising future-ready plans for inhibiting any such circumstances in the pandemic cities of the future ([@bib13]). It must concern itself with spatial inequality in multiple deprivations and other depreciating characteristics. Thus enabling equity-based urban planning that vows to restrict the transmission of SARS-CoV-2 now or any similar pandemic in the future.

The UN-Habitat\'s effort to arrive at 'innovative and appropriate solutions to ensure that cities are better prepared for the future' is the premise of our conclusion. The study not only empirically investigates the COVID-19 vulnerable condition of the major metro cities of India in resonance with their specific context, but it also generates an evidence-based knowledge at a much granular scale so that the community, government, and NGOs could be mobilized in specific locales of a city. In that consideration, the study is both prospective and prescriptive. In times of the urban character of the global pandemic, our cities must remain sustainable for the human futurity to prosper.
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==============================

The following is the Supplementary data to this article:Multimedia component 1Multimedia component 1

We owe this paper to the comments and suggestions made by the four reviewers that helped us shape the paper. We also acknowledge the support and advice provided by Prof. Hualou Long and Prof. Eddie Chi Man Hui during the course of this article.

Tehsil is the sub-division of a district in India. Delhi\'s nine districts are further divided into several tehsils.

The COVID-19 episode has seen demarcation of cities and states into three kinds of zones -- Red, Orange and Green. A Red zone has the most number of confirmed cases where nothing expect essential services is allowed.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.habitatint.2020.102230>.Fig. A.1Location of study areas (a) Mumbai (b) Delhi (c) Chennai (d) Kolkata.Fig. A.1
